Introduction
The concept of microscale analysis 1 has been a subject of intensive research effort in the last decade, and sample introduction is one of the main determinants for the success of microscale separations. Recently, a variety of sample-injection schemes have been developed and adopted to electrophoretic and chromatographic separations on the microscale. There are two major modes for introducing a sample liquid into the separation field: electrokinetic injection [2] [3] [4] [5] and pressure-driven injection. [6] [7] [8] Electrokinetic injection is the most commonly used injection method for performing electrophoresis and electrochromatography on microfabricated devices. With this method, no mechanical devices are demanded, and injection is relatively easily achieved. Various types of injection schemes, such as pinched injection 5,9-11 and gated injection, 5,12,13 using either cross-type structures 5, 14 or double T-injection structures 4, [15] [16] [17] [18] [19] have been developed to improve the injection reproducibilities.
However, some problems, such as complicated voltage control and biased injection in the sample compositions, exist. Despite some improved alternatives, 11 by which complicated voltage control was eliminated, injection bias in the compositions of the injected sample still remains as a fundamental shortcoming of this method. 7, 20 Another injection method is pressure-driven injection. With this method, precise voltage control becomes unnecessary, and sample injection with uniform compositions can be achieved. 21 This injection method is generally applied for non-electrical separations, such as in the field of various kinds of chromatography. However, low reproducibility in the injection volume cannot be avoided using conventional methods on the nanoliter scale, even if the pressure is controlled in a precise manner. 6, 8 In this study, we present a novel method for obtaining highly reproducible injection by pneumatic pressure and its application to on-chip electrophoresis.
The overall sample liquid introduction involves two steps: dispensing and injection. In the dispensing step, a microstructure, called "metering chamber", enables structurally programmed sample dispensing with a precisely defined volume, not necessitating any delicate pressure controls.
In the injection step, a narrow and hydrophobic channel, called a "hydrophobic passive valve", which connects the metering chamber with the separation channel, acts as a kind of valve. This hydrophobic passive valve, equipped with an air vent channel, facilitates smooth injection of the sample both into the metering chamber and subsequently into the separation channel. With this method, the injection of a sample liquid, easily variable and highly reproducible in its volume, can be realized, together with uniform compositions in the injected samples, offering a promising alternative to on-chip electrophoresis.
Experimental

Microdevice design
Schematic illustrations of microchannel designs are shown in Figs. 1(a) -(c) . A metering chamber and a separation channel exist on the same plate ( Fig. 1(a) ), whereas a passive valve exists on a separate plate ( Fig. 1(b) A novel pressure-driven sample injection method was developed as an alternative to electrokinetic injection, and electrophoretic separation was carried out on a microfabricated device employing this method. This method enables a defined volume of liquid dispensing, followed by instantaneous injection driven by pneumatic pressure, greatly simplifying the injection procedure. A particular microstructure, called a "metering chamber", has been designed for the quantitative dispensing of an ultra-low volume of sample liquid; a "hydrophobic passive valve" equipped with an air vent channel is employed for injecting a dispensed sample into the separation channel. The reproducibility of dispensing was 3.3% (n = 15), expressed by the variation of dispensed volumes. The electrophoretic separation of DNA fragments was performed using this injection method, varying the injection volumes from 0.45 to 4.0 nL, and the separation efficiencies were compared. This precise injection method, easily variable in injection volumes, is highly suitable for quantitative as well as qualitative electrophoretic analyses. is shown in Fig. 2 . The metering chamber, where a specific volume of the sample is precisely dispensed, was designed so that it protrudes from the side of the microchannel. The passive valve, equipped with an air vent channel, connects the metering chamber with the separation channel. In this study, three types of metering chambers (A, B, and C), varying in volumes, were designed. Table 1 gives the dimensions and the resulting volumes of the metering chambers. The width, depth, and length of the separation channel were 100 µm, 45 µm, and 48 mm, respectively, and those of the passive valve were 20 µm, 6 µm, and 200 µm, respectively.
Preparation of replica masters
A polydimethylsiloxane (PDMS) microdevice was fabricated by a photolithographic method and replica molding, as described by Hong et al. 22 The mask patterns for the channel design, shown in Fig. 1 , were printed on a transparent film by a commercial printing service with high resolution (4064 dpi). Two separate replica masters, having different channel dimensions, were prepared. First, SU-8 5 (MicroChem Corp., MA, USA) was spin-coated on a silicon wafer using a spin coater (MIKASA 1H-D7, Tokyo, Japan), in order to create a bottom plate that includes channel structures for a passive valve, approximately 6 µm in average height, whereas SU-8 50 was used to create a top plate that includes the rest of the microstructures, approximately 45 µm in average height. Next, the designed channel patterns were transferred to silicon wafers using a mask aligner (ES 20, Nanometric Technology, Inc., Japan). After developing in ethyl lactate (Wako Pure Chemical Ind., Osaka, Japan), the surface of masters were treated with dimethyloctadecylchlorosilane 23 (Shin-Etsu Chem. Co., Japan) for the easy peeling off of a PDMS replica. The heights of the raised structures were measured using a depth measuring microscope (Union Bi22-3465, Tokyo, Japan).
Replica molding of PDMS microdevice
PDMS prepolymer (Sylgard 184, Dow Corning Co., MI, USA) was mixed with a curing agent in a ratio of 10:1. After degassing, the mixture was poured onto the masters, cured, and then peeled off. Two plates of PDMS polymer were oxidized with oxygen plasma inside a plasma reactor (PR 500, Yamato Scientific Co. Ltd., Tokyo, Japan), and the microstructures were aligned for bonding under a microscope. In this way, threedimensional microstructures were created. For introducing the sample inside the microchannel, holes were punched at the ends of the channels, and silicone tubes, 2 mm in outer diameter and 1 mm in inner diameter, were glued with PDMS polymer. This microdevice was fixed on a slide glass for ease of operation. Identical microstructures were duplicated on one microdevice. The size of this microdevice was 60 mm × 16 mm.
Injection procedures
The injection procedures are shown in Fig. 3 (the specific port numbers to be mentioned are as already referred in Fig. 1) . A pneumatic pressure was applied for introducing sample liquid and buffer solutions.
Before dispensing a sample, the separation channel was filled with a buffer solution ( Fig. 3(a) ). Next, the sample liquid was introduced into the channel from port 1 and pushed out toward port 2 ( Fig. 3(b) ). After this, air was introduced into the channel from port 1 to purge any excess sample liquid (Fig. 3(c) ). Because the required pressures to introduce the sample liquid into the metering chamber and the passive valve differed due to dimensional differences in the metering chamber and a structurally narrowed passive valve with their hydrophobic nature, the sample stopped at the entrance of the passive valve and did not leak into the passive valve, unless a higher pressure was applied otherwise. Through these procedures, the specific volume of the sample liquid was dispensed in the metering chamber. While dispensing the sample, the air vent port was kept open so that the air inside the metering chamber could escape through the air vent channel. After sample dispensing was completed, the air vent port was closed, and then a higher pressure was applied for port 1 to inject the dispensed sample liquid into the separation channel ( Fig. 3(d) ). Throughout these procedures, sample liquid injection with a defined volume was realized, and complicated control of the valves was eliminated.
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ANALYTICAL SCIENCES MARCH 2004, VOL. 20 Electrophoretic separation of DNA Electrophoretic separation of a mixture of FITC-labeled DNA fragments (DNA mixture) (100 bp Fluorescein Molecular Ruler, Bio-Rad Laboratories, USA) was performed on a microdevice by adopting this injection method. It contained ten fragments, ranging from 100 to 1000 bp in exact 100 bp increments, whose concentration was 200 µg/mL. Hydroxypropylmethylcellulose (H-7509, Sigma, USA), whose viscosity of a 2% aqueous solution is in the ranges of 3500 -5600 cP at 20˚C, was dissolved at 1.0% (w/v) in 1 × Tris-borate-EDTA (TBE) buffer (pH 8.3), and used as a sieving matrix. Approximately 3 µL of the buffer solution was loaded from the buffer inlet by pressure. After loading the buffer solution, a DNA mixture solution was dispensed and then injected. A pair of platinum wires was used as electrodes. The wires inserted in ports 8 and 9 in Fig. 1(a) worked as an anode and a cathode, respectively. For separating a DNA mixture solution, a potential of 700 V was applied across the separation channel, corresponding to an electric field strength of 146 V/cm for a 48 mm-long separation channel. Detection was performed at point 10 in Fig. 1(c) , which was located 10 mm from the sample injection point. DNA fragments were detected with a fluorescence microscope (IX70, Olympus Optical Co. Ltd., Japan) and an intensified CCD (ICCD) camera (C2400-89, Hamamatsu Photonics K. K., Japan). Captured images were processed computationally.
Results and Discussion
Dispensing performances
The dispensing reproducibility and accuracy were examined.
Photographs of sample dispensing and injection into the separation channel are shown in Fig. 4 . In this experiment, a Type B metering chamber (Fig. 4(b) ), described in Table 1 , was used to evaluate the dispensing reproducibility and accuracy, whose volume was 1.3 nL. The solution of DNA mixture was used as a sample. The dispensing reproducibility and accuracy were measured by calculating the area of the captured images of dispensed liquid inside the metering chamber. As a result, the coefficient of variations of the dispensed liquid area turned out to be 3.3% (n = 15), whereas it was 2.2% (n = 15) for pure water, representing a high reproducibility. These coefficients, based on liquid areas, were estimated to correspond with those based on the dispensed liquid volume, because no dead volume inside the dispensed liquid such as a small bubble was observed. Also, the average area of dispensed liquid was approximately 95% of that of the metering chamber for the DNA solution (97% for water), representing a relatively high accuracy. The slight discrepancy in the dispensed volume might have been attributed to the concave shapes of the DNA mixture solution inside the metering chamber, probably due to the characteristics, such as the viscosity and surface tension of the solution, interacting with the surface of PDMS. With this high reproducibility and accuracy in dispensing, it was suggested that quantitative analyses could also be realized by this method.
Injection procedures
The injected shapes of a DNA mixture solution into the separation channel are demonstrated in Fig. 4 . The volumes of the metering chambers were 0.45 nL, 1.3 nL, and 4.0 nL, for Type A (Fig. 4(a) ), Type B (Fig. 4(b) ), and Type C (Fig. 4(c) ), respectively, as described in Table 1 . After sample dispensing, injection into the separation channel followed, by applying a higher pneumatic pressure. It was observed that the dispensed sample was incorporated into the separation buffer immediately when it came in contact with the separation buffer. The required time for introducing the DNA mixture solution into the separation channel was observed to be less than 1 s, even for 4.0 nL injection.
This instantaneous incorporation plays an important role in preventing diffusion and a subsequent broadening of the sample plug, leading to a higher peak resolution in separation. It was also observed that the sample plugs were shifted toward the direction of the buffer outlet after being injected, especially when the sample volume was 1.3 nL (Fig. 4(b) ) and 4.0 nL (Fig. 4(c) ). This might have been attributed to less pressure loss endowed toward the buffer outlet, since the distance between the buffer outlet and the sample injection point is one sixth of that between the buffer inlet and the sample injection point.
Injection pressure
With this injection method, sample dispensing and injection were easily accomplished by generating a significant difference in the required pressures to introduce the sample into the metering chamber and into the passive valve. For introducing a sample liquid into the metering chamber, approximately 5 kPa was applied from the sample inlet. On the other hand, approximately 30 -50 kPa was applied for the injection of a dispensed sample liquid into the separation channel. In order to figure out the significance of the pressure difference, the required pressures were theoretically estimated.
The required pressure for introducing liquid into the microchannel is represented by the following Young-Laplace equation: ∆P = -2γl cosθ (1/w + 1/d), where γl is the surface tension of the liquid and θ is the contact angle between the material and liquid; w and d are the width and the depth of the microchannel, respectively. When the sample was water, the surface tension was 0.072 N/m at 20˚C, and the contact angle (θ) with a flat PDMS plate was approximately 110˚. In the case of a Type B metering chamber, the width and depth of the metering chamber were 100 µm and 45 µm, respectively, and those of the passive valve were 20 µm and 6 µm, respectively. From the above equation, only approximately 1.5 kPa was required to introduce water into the metering chamber, whereas approximately 11 kPa was required to introduce water into the passive valve. Owing to this pressure difference, liquid leakage into the passive valve was completely prevented while dispensing the sample.
In this study, the actually required pressure (30 -50 kPa) to inject the dispensed sample liquid into the separation channel was more than twice the theoretically required pressure (11 kPa). However, considering that the sample outlet was open, and the metering chamber was located at the center of the sample inlet and the outlet port, only approximately half of the actually required pressure was applied to the dispensed sample, which was considered to be a reasonable value.
Electrophoretic separation of DNA
The electrophoretic separations of DNA mixture solutions with injection volumes of 0.45 nL, 1.3 nL, and 4.0 nL were performed on this microdevice. Electropherograms are shown in Figs. 5(a) -(c). The signal intensities were standardized to obviate the differences in the detection sensitivities. Separation was performed within 60 s from the time of injection, at a detection point 10 mm from the injection point. The differences in the signal intensities and the resolutions in terms of the injected sample volumes were clearly demonstrated. The highest signal intensity was achieved when the largest volume, in this case 4.0 nL, was injected, whereas the highest resolution was achieved when the smallest volume, 0.45 nL, was injected, displaying all ten peaks, owing to the short plug length. A much clearer distinction of 900 bp and 1000 bp DNA fragments might be achieved by injecting a smaller volume of the sample, which is easily obtained by changing the dimensions of the metering chamber.
With this injection method, the actual amount of injected DNA sample could be estimated simply from the dimensions of the metering chambers. Since the concentration of DNA mixture solution used in this experiment was 200 µg/mL, it could be calculated that approximately 0.09 ng, 0.26 ng, and 0.80 ng of DNA sample were injected into the separation channels when 0.45 nL, 1.3 nL, and 4.0 nL of DNA mixture solutions were injected, respectively. Since the sample injection was performed by pneumatic pressure, only a pair of electrodes was sufficient, eliminating switching of the voltages as well as complicated back-voltage controls. Biased injection in the sample compositions was also prevented since dispensing and injection were accomplished by pressure. Also, since the metering chamber in this injection method, which corresponds to the sample reservoir, was structurally segregated from the separation channel, sample dilution was prevented. In addition, after dispensing was completed, any excess volume of the introduced sample could be recovered. This feature becomes useful especially when the sample is of great rarity.
Conclusions
A pressure-driven novel sample dispensing and injection method with a precisely defined ultra-low volume liquid was introduced in this study and adopted to electrophoretic separation on a microfabricated device. This pressure-driven injection method is highly advantageous because of its precise and highly reproducible sample dispensing and instantaneous injection, with the aid of a metering chamber, equipped with a hydrophobic passive valve. These structures obviate both complicated voltage controls and delicate pressure controls, which are indispensable for conventional electrokinetic and pressure-driven injection methods. With its simple structure, fabrication, and operation, this method paves the way for instantaneous multiple analyses, since only a single injection structure and a single syringe are required for multiple sample injections. Also, this method will be effective not only as a complementary means for sample introduction for biochemical analysis, but also as an independent tool for microscale liquid operation techniques, such as ultra-low volume droplet formations and reactions.
